A ge-related macular degeneration (AMD), a leading cause of irreversible human blindness in developed countries, is an etiologically complex disease wherein a multitude of genetic and environmental factors influence disease progression. Although multiple genetic variations have been reported to modulate susceptibility to AMD, only three factors are currently believed to affect the clinical course of established AMD: the complement system, oxidative stress, and lipid metabolism. 1 Recently, anomalous reactions in the visual cycle have been shown to cause an AMD-like phenotype in mice lacking both the ATP-binding cassette transporter 4 (Abca4) and retinol dehydrogenase 8 (Rdh8), two enzymes critical for all-transretinal clearance from the retina. [2] [3] [4] Given the pathologic similarities of this model to human AMD, analyses of the Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mouse have provided strong evidence that aberrant ocular retinoid metabolism can be a critical factor in the development of macular degeneration. 5, 6 Continuous regeneration of 11-cis-retinal, the chromophore of visual pigments in photoreceptor cells, is essential for vision. 7 This process occurs through the retinoid cycle that operates in both the retinal pigmented epithelium (RPE) and photoreceptors. 8, 9 After 11-cis-retinal is photoisomerized to all-trans-retinal, most of the all-trans-retinal is shuttled to the outside of the photoreceptor discs by ABCA4, a transporter localized in the rims of photoreceptor discs. 10 RDH8 is one of the main enzymes that reduces all-trans-retinal to all-transretinol in rod and cone outer segments. 11 Thus, both ABCA4 and RDH8 are involved in all-trans-retinal clearance in photoreceptors. Any delay in this process leads to accumulation of all-trans-retinal and conjugate products, such as di-retinoidpyridinium-ethanolamine (A2E), in both photoreceptors and the RPE. 12, 13 As previously reported, Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice display cone-rod dystrophy by the age of 4 to 6 weeks and display light-dependant progressive retinal degeneration as well. 4 Retinal degeneration in this mouse model mimics most of the clinical features of human AMD, including lipofuscin accumulation, drusen formation, basal laminar hyaline deposition, RPE cell death, complement activation, and eventual choroidal neovascularization (CNV). Therefore, these animals provide an excellent surrogate model for human AMD in which to test candidate therapeutics.
Advocated AMD treatment modalities include the use of antioxidants 14, 15 and immune system regulators to suppress oxidative stress and immune activation pathways responsible for AMD progression. Sirolimus (rapamycin), an immunosuppressant used in the management of organ transplantation and ocular inflammatory conditions, inhibits the response to interleukin-2 and thereby blocks T-and B-cell activation. 16 It also exhibits cellular antiproliferative effects and anti-tumor/antiangiogenic activity coupled with a decrease in vascular endothelial growth factor (VEGF) production. 17 Recently, it was reported that sirolimus inhibited CNV growth in a laser-induced CNV mouse model. 18 Therefore, this agent could be effective in treating AMD, since its pathogenesis includes immune activation and overproduction of VEGF. 19 Regeneration of photoreceptor visual pigments with the artificial chromophore, 9-cis-retinal, is an effective method to bypass the visual cycle. Supplementation with this retinoid as a pro drug, 9-cis-retinyl acetate (9cRAc) was effective in rescuing severe early-onset retinal degeneration in mice with impaired visual cycle function. 20, 21 Because retinal photoreceptor degeneration in AMD is a secondary consequence of primary RPE impairment, artificial visual chromophores such as 9-cis-retinal may prevent the photoreceptor degeneration observed in AMD. Herein, we report the therapeutic effects of differing mechanism-based pharmacologic interventions on the development of retinopathy in a high-fidelity model of human AMD, the Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mouse.
MATERIALS AND METHODS

Animals
Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ double-knockout mice were generated and genotyped as previously described. 4 Mice with the Leu residue variant at amino acid position 450 of RPE65 were used for the study. All mice used were housed in the animal facility at the School of Medicine, Case Western Reserve University, where they were maintained either under complete darkness or in a 12-hour dim room light (3-5 lux)/12-hour dark cyclic environment. Manipulations in the dark were performed under dim red light transmitted through a filter with transmittance of Ͼ560 nm (no. 
Pharmacologic Treatments
Mice were given daily intraperitoneal injections of antioxidants including ␣-tocopherol (100 mg/kg in vegetable oil), ascorbic acid (250 mg/kg in phosphate-buffered saline [PBS] composed of 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 1.4 mM KH 2 PO 4 , [pH 7.4]), ␣-lipoic acid (100 mg/kg in PBS/30% ethanol), and butylated hydroxytoluene (75 mg/kg in PBS). All antioxidants were obtained from SigmaAldrich (St. Louis, MO). A metalloporphyrin superoxide dismutase mimetic that protects against intracellular generation of reactive oxygen species, Mn(III)-tetrakis(4-benzoic acid)-porphyrin chloride (MnT-BAP) from AG Scientific (San Diego, CA), was also administered intraperitoneally at 10 mg/kg in PBS. Sirolimus (2 mg/kg in PBS) was injected intraperitoneally each day as an anti-inflammatory/antiproliferative treatment. 9-cis-Retinyl acetate (9cRAc, 50 mg/kg in vegetable oil by oral gavage) 20 and retinylamine (Ret-NH 2 , 10 mg/kg in DMSO intraperitoneally) 22 were used as retinoid therapies to bypass or inhibit the visual cycle. The various treatment regimens are summarized in Table 1 .
Induction and Analysis of Light Damage to Retinas of WT Mice
Before exposure to light, BALB/c mice (female, 4 weeks old) were dark-adapted for 48 hours. Light damage was induced in mice without dilated pupils by exposure to 5000 lux of diffuse white fluorescent light (150 W spiral lamp; Commercial Electric Products, Cleveland, OH) for 15 minutes. Light exposure was initiated at 11 AM. These mice were maintained in the dark for 7 days after light exposure and evaluated by histologic study.
Histology and Immunohistochemistry
The histologic and immunohistochemical procedures used in the study are described elsewhere. 13 Eyecups for histology were fixed in 2% glutaraldehyde/4% paraformaldehyde and processed for embedding in Epon. Sections were cut at 1 m and stained with toluidine blue. For immunohistochemistry, eyes were immersion-fixed for 2 hours with freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and processed for OCT (Miles Laboratories, Elkhart, IN) embedding. The sections were cut at 10 m and viewed with an inverted laser scanning confocal microscope (LSM 510; Carl Zeiss Meditec, Inc.). 4,6-Diamidino-2-phenylindole (DAPI), Alexa 488 -conjugated peanut agglutinin (PNA), and anti-C3 (C3 (H300)) antibody were purchased from Invitrogen (Carlsbad, CA) and Santa Cruz Biotechnology (Santa Cruz, CA). 1D4 (anti-rhodopsin mouse monoclonal antibody) 
Angiography
Angiograms were performed after a 400 L intracardiac injection of 10 mg/mL fluorescein isothiocyanate-conjugated high-molecular-weight dextran (FD-2000S; Sigma-Aldrich, St. Louis, MO) into anesthetized mice.
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Electroretinography
All ERG procedures were performed by published methods. 13 Briefly, mice under a safety light were anesthetized by intraperitoneal injection of 20 L/g body weight of 6 mg/mL ketamine and 0.44 mg/mL xylazine diluted with 10 mM sodium phosphate (pH 7.2), containing 100 mM NaCl. Pupils were dilated with 1% tropicamide. A contact lens electrode was placed on the eye and a reference electrode and ground electrode were positioned on the ear and tail, respectively. ERGs were recorded with a computerized system (UTAS E-3000; LKC Technologies, Inc., Gaithersburg, MD).
Single-Flash Recording
The duration of white light flash stimuli (from 20 s to 1 ms) was adjusted to provide a range of illumination intensities (from Ϫ3.7 to 1.6 log cd ⅐ s/m 2 ). Three to five recordings were made at sufficient intervals (from 10 seconds to 10 minutes) between flash stimuli to allow recovery from any photobleaching effects.
Flicker Flash Recording
Recordings were performed with the same procedure used for singleflash recording. Flicker stimuli were applied over a range of intensities (0.62 log cd ⅐ s/m 2 ) at 2 different frequencies (20 and 30 Hz) under photopic condition (1.4 log cd ⅐ m Ϫ2 ).
A2E Analyses
All experimental procedures related to extraction, derivatization, and separation of retinoids from dissected mouse eyes were performed as formerly described. 13 Quantification of A2E by HPLC was performed by comparison with known concentrations of pure synthetic A2E.
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VEGF Quantification
All experimental procedures related to sample preparation from dissected mouse eyes were performed as formerly described. 4 Levels of VEGF in the eye were determined with a mouse ELISA kit (R&D Systems, Minneapolis, MN) according to manufacturer's instructions. 
Statistical Analyses
Experimental results were analyzed by the one-way ANOVA. Data are shown as the mean Ϯ SD.
RESULTS
Environmental light intensity was strictly controlled at 3 to 5 lux (dim room light) because Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice are prone to light-dependent retinal degeneration. 4 Even under these conditions, early retinal degeneration was detected by 6 to 8 weeks of age (data not shown). A reduced number of photoreceptor nuclei along the inferior retinal regions, and severe retinal degeneration relative to 5-month-old wild type (WT) mice were observed in Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice at 5 months and 10 months of age, respectively (Figs. 1A-C) . Retinal rosette formation was observed in 3-month-old mutant mice with hyaline-like deposits in the rosette structure (Figs. 1J, 1K). Swelling of the RPE and the increased number of pigmented granules that included lipofuscin became evident at 5 months of age, and dead RPE cells lacking mitochondrial inner membrane cristae were visualized at 10 months of age ( Fig. 1D-1I ).
Both eyes of 117 Abca4 Ϫ/Ϫ Rdh8 Ϫ/Ϫ and 25 WT mice were examined in the study (data summarized in Table 1 ). Antioxidant administration protocols were based on those used in previous reports. 24, 25 Unfortunately, Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice failed to survive after two daily injections of a five-component antioxidant mixture consisting of ␣-tocopherol, butylated hydroxytoluene, ascorbic acid, ␣-lipoic acid, and MnTBAP. The same result was obtained even after halving the initial dose of these agents. 24 The same toxicity was also detected in WT mice (i.e., all 10 WT mice tested failed to survive after two daily injections), suggesting that loss of RDH8 and ABCA4 did not affect the toxicity of the tested antioxidants. Revised treatment cocktails consisting of two groups (i.e., ␣-tocopherol and butylated hydroxytoluene in vegetable oil [antioxidant 1]) or ascorbic acid, ␣-lipoic acid, and MnTBAP in PBS [antioxidant 0]) were then tested. Four of 14 mice injected daily with antioxidant 1 died during the 4-month treatment period, whereas all 14 mice injected daily with antioxidant 0 died before the third injection. Thus, only antioxidant 1 and a cocktail consisting of ascorbic acid and ␣-lipoic acid (antioxidant 2) were finally tested (Table 1) .
To examine the effects of antioxidants on light-induced retinal degeneration, we exposed WT (BALB/c) mice, which are especially light sensitive, 26 to 5000-lux light for 15 minutes. Three hours before light exposure, these mice were treated with either antioxidant 1 or antioxidant 2, and retinal morphology was evaluated 7 days after the exposure. Thickness of the ONL was measured 500 m away from the optic nerve head (ONH) in the inferior retina. Of note, both antioxidants 1 and 2 ameliorated retinal degeneration in these mice (Fig. 2) . These data suggest that treatment with these antioxidants can protect retinas from acute oxidative damage caused by exposure to strong light.
Histologic Assessment of Retinal Degeneration
Lengths of photoreceptor outer segments were severely reduced to less than 5 m in PBS-treated 5-month-old Rdh8 
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Ϫ/Ϫ mice, whereas more modest reductions (5-20-m segments) were found in antioxidant 1, antioxidant 2, 9cRAc, and sirolimus-treated mice. Only regional retinal degeneration was observed in retinylamine-treated and dark-reared mice (Fig. 3A) . All tested regimens exhibited some efficacy in preventing retinal degeneration in Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice compared with PBS-treated or untreated control Rdh8
Ϫ/Ϫ mice. To classify the severity of retinal damage, we devised the six-stage grading scheme shown in Table 2 . According to this scheme, retinal structures were best preserved in retinylamine-treated Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice that displayed morphology similar to that of dark-reared Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice; much milder benefits were conferred by the other medications tested in this study (Fig. 3B ).
Therapeutic Effects on Cone Photoreceptor Survival
To examine the effects of various agents on cone photoreceptors, we stained the cone photoreceptors with PNA and the number of cells was counted in the inferior central retina (800 m from the optic nerve head; Figs. 4). This region was selected because it manifests the most severely damaged areas in untreated mice. Retinylamine largely prevented cone photoreceptor degeneration such that the retinal structures of treated mice approximated those of dark-adapted Rdh8 (Fig. 4A ). Other medications tested also significantly preserved cone photoreceptors, but not as well as retinylamine (Fig. 4B) .
Complement Activation
Complement activation is believed to be involved in the propagation of human AMD. 27 Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice also manifested complement deposition on Bruch's membrane during the late stages of retinal degeneration. 4 We assessed complement deposition in the retinas of Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice undergoing various treatments by immunohistochemical analyses with anti-C3 antibody and fluorescence microscopy. As shown in Figure 4A , a strong fluorescent signal was observed in PBS-treated and untreated mice. Partial signal reduction was 
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Ϫ/Ϫ mice treated from 3 weeks to 5 months of age with indicated medications are shown. Representative images are presented (n Ͼ 10). RPE, retinal pigmented epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Bar, 10 m. (B) Effects of various medications on the severity of retinal degeneration are indicated. Severity of retinal degeneration was graded from grade 0 (no degeneration) to grade 6 (severe degeneration) according to criteria described in Table  2 . All listed agents conferred partial protection (9cRAc, 9-cis-retinyl acetate; Siro, sirolimus) with Ret-NH 2 (retinylamine) exhibiting the greatest efficacy in preventing retinal degeneration in Rdh8
Ϫ/Ϫ mice (n Ͼ 10; bars, SD; *P Ͻ 0.01 versus PBStreated mice). 
Retinal Function Evaluated by ERGs
ERG studies were performed to evaluate the therapeutic effects of test compounds on retinal function mediated by rod and cone photoreceptor cells. Thus, single flash ERGs were recorded under scotopic conditions to evaluate rod cell responses (Fig. 5A) , and flicker ERGs were performed in photopic conditions to assess cone cell responses (Fig. 5B) . With respect to scotopic ERG responses, both a-and b-wave amplitudes were maintained significantly better in medicated than in PBS-treated control mice, and there were no significant differences observed in the effects of different test compounds ( Fig  5A) . Flicker ERG responses in untreated mice were significantly reduced compared with those of dark-reared mice (Fig.  5B ), but intriguingly, responses of both antioxidant 2-and 9cRAc-treated mice were significantly retained after both 20-and 30-Hz stimuli. These observations suggest that these two treatments may have protective effects on cone function in this mouse model. Both scotopic and photopic ERG responses of retinylamine-treated mice were decreased to levels found in saline-treated animals, even though retinal structures in retinylamine-treated mice were comparable with those of darkreared mice, owing to effects of long-term administration of this compound. 28 Decreased ERG responses in retinylaminetreated mice were temporary, recovering to levels in darkreared animals 2 months after the last administration of retinylamine (data not shown).
A2E Quantification
A2E, a major fluorophore of lipofuscin produced from all-trans retinal, 29 accumulates significantly in the retina/RPE of Rdh8 4 To examine the relationship between the severity of retinal degeneration and A2E accumulation, we quantified A2E in the eyes of Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice undergoing various treatment regimens (Fig. 6) . Surprisingly, retinylamine was the only compound that significantly decreased A2E accumulation among the medications tested. Even pretreatment with 9cRAc failed to increase A2E accumulation in these mice. Although smaller amounts of A2E were found in retinylaminetreated and dark-reared Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice, A2E accumulation did not correlate with the severity of retinal degeneration in either drug-treated or untreated mice.
Effects of Sirolimus on Choroidal Neovascularization
CNV is a hallmark of late-stage, wet-type human AMD and it also manifests at the age of 6 months in Rdh8
mice. 4 In this study, 6-month-old Abca4 Ϫ/Ϫ Rdh8 Ϫ/Ϫ mice maintained in a 12-hour light (3-5 lux)/12-hour dark cycle environment were injected intraperitoneally with sirolimus, 2 mg/kg daily, for 4 months. No CNV was detected in the eyes of sirolimus-treated mice (0/10) whereas this pathology was seen in 22.2% (2/9) of the eyes of untreated animals (Fig. 7A) . Amounts of VEGF were elevated but similar in the eyes of sirolimus-treated and untreated Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice (Fig.  7B) . 
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Ϫ/Ϫ mice. Retinylamine (Ret-NH 2 ) prevented cone photoreceptor degeneration, and other medications studied (9cRAc, 9-cis-retinyl acetate; Siro, sirolimus) partially maintained cone photoreceptors (n Ͼ 10; mean Ϯ SD; *P Ͻ 0.01 versus PBS-treated mice). 14 Even though more research is needed to slow or stop this debilitating disease, the search for an effective therapy has been hindered by the lack of an appropriate animal model for dry AMD. Recent reports provide evidence that AMD progression is closely related to the activation of innate immunity. 30 Accumulation of apolipoproteins, lipids, metals, and other agents is believed to initiate macrophage activation that may lead to the development of retinal degeneration. [31] [32] [33] In contrast, Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice provide strong evidence of a relationship between aberrant retinoid metabolism and severe retinal degeneration with a phenotype similar to human AMD. 4, 11 This mouse model exhibits accumulation of condensation products of all-trans-retinal and severe retinal degeneration accompanied by complement activation. 4 Herein, we report the effects of several categories of pharmacologic agents, including antioxidants, an anti-immune and anti-VEGF drug, an artificial chromophore, and a retinoid cycle inhibitor, on the development of retinopathy in Rdh8
DISCUSSION
Research has suggested that oxidative stress, such as that which occurs in SOD1-deficient mice, 29, 30 plays a significant role in retinal degeneration. Moreover, antioxidants reportedly slow the progression of some types of retinal degeneration including that in rd1/rd1 mice 24 and in several human trials. 15 Five antioxidants with demonstrated efficacy in preventing progression of congenital retinal degeneration in certain animal models were tested in this study. 24 Because a mixture of five different antioxidants displayed lethal toxicity shortly after initiation of the regimen, we simplified the original mixture into 2 antioxidant mixtures: antioxidants 1 and 2. 4 Intriguingly, administration of these two antioxidant mixtures showed some beneficial effects on retinal degeneration in Rdh8 mice treated with the indicated medications (9cRAc, 9-cis-retinyl acetate; Siro, sirolimus; Ret-NH 2 , retinylamine) was quantified by HPLC (n Ͼ 3; bars, SD; *P Ͻ 0.01). Retinylamine inhibited A2E accumulation, whereas other tested medications had no effect. (Fig. 3) at the same daily dose as that which ameliorated photoreceptor cell death induced by intense light exposure in WT (BALB/c) mice (Fig. 2) . This finding suggests that light-induced damage contributes to the retinopathy observed in Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice because these animals failed to develop retinopathy when kept in the dark (Fig. 3) . But antioxidants only partially preserved retinal histology compared with their counterparts kept in the dark (Figs. 3, 4, 5) , even at the nearly lethal doses used. These observations suggest that these compounds may diminish molecular damage to lipids, proteins, and nucleic acids by oxidative stress and thereby decrease apoptotic activation. 24, 25, 34 Sirolimus (rapamycin) demonstrated some efficacy in preserving retinal structure and also inhibited complement deposition on Bruch's membrane. This macrolide is known to have anti-inflammatory properties that may prevent complement activation. In our study, sirolimus-treated older mice did not develop choroidal neovascularization, indicating that complement activation may be a critical factor in CNV growth, even though the correlation between CNV growth and complement activation is still controversial in clinical studies. 35, 36 Of interest, sirolimus did not alter levels of VEGF when given to older mice. These findings are consistent with the results of Dejneka et al., 18 who reported that sirolimus inhibited CNV but did not reduce VEGF in a laser-induced CNV mouse model. These observations suggest a possible role for sirolimus in suppressing CNV and may open new venues for its use in treating AMD. Additional studies are needed to investigate the mechanisms of CNV growth and complement activation.
The artificial chromophore precursor 9cRAc also limited the extent of retinal degeneration, supporting the hypothesis that this phenotype in Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice is, at a minimum, related to impaired 11-cis-retinal regeneration. Radu et al. 37 have reported that vitamin A supplementation increases A2E accumulation in Abca4 Ϫ/Ϫ mice. In our study, mice treated with 9cRAc that evidenced preservation of retinal integrity failed to show increased amounts of A2E. This is contrary to results of studies in which vitamin A was used, 20, 21 suggesting an advantage for using 9cRAc instead of all-trans isomers such as vitamin A. That 9cRAc as well as retinylamine have efficacy in this model also suggests that some combination of the two artificial retinoids may be optimal.
Among the tested compounds, retinylamine showed the greatest therapeutic potential in the Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice. This RPE65 inhibitor slows the conversion of all-trans-retinyl ester to 11-cis-retinal, both in vitro and in vivo. 22 Retinylamine treatment has been shown to completely prevent light-induced acute retinal degeneration in mice. 38 This compound has the additional advantage of having a long-lasting effect because of its specific storage as a pro-drug in RPE retinosomes. 38, 39 Therefore, low doses given after prolonged intervals should suffice to achieve RPE65 inhibition. Retinylamine may prove useful for treating dry AMD. However, the extent of delayed all-trans-retinal clearance in human AMD is not known, and so patient-based studies are needed to assess this parameter.
In summary, this study indicates that several medications show some promise in modulating the development of retinal degeneration in Rdh8 Ϫ/Ϫ Abca4 Ϫ/Ϫ mice, a model of human AMD caused by delayed all-trans-retinal clearance. That the retinoid cycle inhibitor, retinylamine, significantly inhibited retinal degeneration in these animals serves as a reminder that understanding the involved pathogenic mechanisms is essential for development of safe and effective therapies for AMD. 
